and PSP (0.208) were significantly smaller than in the patients with IPD (0.292). Conclusions: Our study shows that brainstem atrophy often occurs in patients with VP and the midbrain is more vulnerable than the pons to atrophic changes.
with those of IPD [3] . The presence of vascular disease in two or more vascular territories on brain imaging supports the diagnosis of VP but does not establish a causeand-effect relationship. Apparently, similar vascular lesions noted on brain imaging may be associated with parkinsonism in some patients but not in others [4] .
Brainstem atrophy was more common in patients with parkinsonian syndromes compared with patients with IPD [3] . Midbrain atrophy is a well-known feature of progressive supranuclear palsy (PSP) [5] [6] [7] [8] . A lot of previous reports have suggested that measurements for diameters and areas of midbrain and pons on routine MRIs are valuable in discriminating PSP from either IPD or multiple system atrophy [5, 6, 8, 9] . In addition to PSP, some studies have shown that patients with vascular dementia (VaD) also had midbrain atrophy on MRIs [10, 11] . Some of the characteristics of VP and VaD overlap -both have the frequent occurrence of brain atrophy, white matter lesions and a predominance of motor symptoms such as gait disturbances [12] . Furthermore, several clinical features of VP such as early postural instability, pseudobulbar phenomena, and lower body predominance suggest that brainstem atrophy could be associated with VP.
The aim of this study was to determine whether midbrain atrophy, measured by morphometric MRI, was present in patients with clinically diagnosed VP in comparison to patients with PSP and IPD.
Methods

Subjects
Parkinsonism was defined by the presence of bradykinesia and at least one of the following: muscular rigidity, 4-6 Hz rest tremor, and postural instability not caused by primary visual, vestibular, cerebellar, or proprioceptive dysfunction [13] . The clinical diagnoses of IPD and probable PSP were based on the UK Parkinson's Disease Society Brain Bank clinical diagnostic criteria for PD [13] and the clinical criteria of the National Institute of Neurological Disorders and Stroke and Society for Progressive Supranuclear Palsy (NINDS-SPSP) [14] . Some PSP patients had only vertical gaze slowing at the time of initial examination, but eventually showed vertical gaze palsy at follow-up. All PSP patients were compatible with Richardson's syndrome [15] . The diagnosis of VP was based on those previously published [3, [16] [17] [18] , which include lower body predominance, frontal gait disorder, muscle rigidity, no resting tremor, symmetric progression, postural instability, and poor response to levodopa. The patients were considered dopa-responsive when levodopa reduced scores of the modified Hoehn & Yahr stage by 1 0.5. All VP patients had evidence of relevant cerebrovascular disease on brain MRI using a previously described approach [16] and all patients with IPD and PSP did not have significant cerebrovascular lesions. We also used a modified Fazekas scale [19] to quantify the vascular lesion load in the VP patients and in the patients of the other groups ( table 1 ). Two neurologists (J.T.K, M.S.P.), blinded to clinical diagnosis, rated signal abnormalities on T 2 -weighted and FLAIR images. The intraclass correlation coefficients for inter-rater reliability was good ( scores = 0.81-0.93). The incidence and extent of white matter hyperintensity and basal ganglia lesion in the VP patients were higher and greater than those in the patients of the other groups. In clinical practice, it is clinically difficult to separate between vascular PSP and neurodegenerative PSP [3] . For the diagnostic accuracy of VP, we excluded the VP patients who showed evidence of slowing or palsy of saccadic eye movements. Also patients with a history of repeated head trauma, encephalitis, brain surgery, neuroleptic treatment at onset of symptoms, presence of cerebral tumor or hydrocephalus on MRI scan, or other alternative causes for parkinsonism were excluded. All patients received full neurologic evaluations by a movement disorder specialist (S.M.C.).
We enrolled patients visiting the Neurology Clinic at Chonnam National University Hospital (CNUH), who fulfilled the above-mentioned criteria, retrospectively. Informed consent was obtained from the study participants and the study was approved by the CNUH Institutional Review Board. All participants received full neurological and physical examinations, routine laboratory tests, and the Korean version of Mini-Mental State Examination (K-MMSE).
MRI Analysis of the Midbrain and Pons
All MRI studies were carried out on a 1.5-T GE Signar LS imager (General Electric, Milwaukee, Wisc., USA). All subjects received a diagnostic MRI with sagittal T 1 -weighted images (TR = 420 ms, TE = 14 ms; acquisition matrix = 320 ! 224; section thickness = 4 mm), axial T 1 -weighted images and axial T 2 -weighted images. The quantitative data was derived by semi-automated methods. The images were transferred to a Sun SPARC workstation (Sun Microsystems, Mountain View, Calif., USA), and analyzed with Multimodal Image Data Analysis System (MIDAS) software [20] . According to a modified Kato's procedure [6] , the line connecting the base of the genu and splenium of the corpus callosum was set horizontally ( fig. 1 a-c, line 1) . Lines 2 and 3 were marked parallel to line 1. After drawing the horizontal border between the pons and medulla at the lower end of the pons (line 2), we roughly drew a region of interest (ROI) that contained all of the midbrain and pons as well as the adjacent cerebrospinal fluid ( fig. 1 a) . After the intensity normalization of the individual scan, we defined the intensity threshold for the extraction of brainstem segmentation from the ROI ( fig. 1 b) . The remaining area was the midbrain plus pons. After drawing the horizontal border between the midbrain and pons at the upper end of the pons (line 3), we obtained the pons area by excluding the midbrain area ( fig. 1 c) .
All imaging processing steps were performed by one neurologist (B.C.K.) who was blind to all clinical information. We measured the areas of the midbrain (Amd) and pons (Apn), and calculated the ratio of the midbrain area to the pons area (Amd/Apn).
Statistical Analysis
The statistical software SPSS version 11.5 for Windows was used for all statistical analyses. The 2 test for categorical variables and analysis of variance (ANOVA) test for continuous variables were used to analyze the demographic and clinical variables among the three groups. The ANOVA test was also used to compare MRI variables (Amd, Apn and Amd/Apn) among the individual groups, and Bonferroni correction was used for multiple comparisons. The results were considered statistically significant at a p value ! 0.05.
Results
Thirty patients with IPD, 20 patients with VP, and 15 patients with probable PSP were included in this study from January 2005 through June 2008. There were no significant differences among the three groups with re- gard to gender, age of symptom onset, age at MRI, and time interval from symptom onset to MRI. There were significant differences among the three groups of patients in Hoehn & Yahr stage and mean K-MMSE score ( table 2 ). The comparisons, by ANOVA, for the mean value of the Amd, Apn, and the Amd/Apn among the three patient groups, were statistically significant. The Amd was 130.52 8 17.89 mm 2 in the IPD patients, 99.86 8 13.36 mm 2 in the VP patients, and 87.30 8 17.77 mm 2 in the PSP patients. The statistical analysis revealed that there were significant differences in the Amd between the IPD patients and the VP patients (p ! 0.001) or the PSP patients (p ! 0.001). However, there was no significant difference in the Amd between the VP patients and the PSP patients (p = 0.091) ( fig. 2 a) 2 in the PSP patients. The statistical analysis revealed that there was a significant difference in the Apn between the IPD patients and VP patients (p = 0.006). However, there was no significant difference in the Apn between the PSP patients and IPD patients (p = 0.075) or the VP patients (p = 1.000) ( fig. 2 b) .
The the PSP patients. The statistical analysis revealed that there were significant differences in the ratios between the IPD patients and VP patients (p ! 0.001) or the PSP patients (p ! 0.001). In addition, there was a significant difference in the ratio between the VP patients and PSP patients (p = 0.021) ( fig. 2 c) .
Discussion
The results of our study show that, in the VP patients, the Amd and Apn were smaller than they were in the IPD patients. In addition, the Amd/Apn of VP patients was smaller than in the IPD patients and larger than in the PSP patients. Therefore, brainstem atrophy appears to occur often in VP patients, and the midbrain is more vulnerable than the pons to atrophic changes. Our findings correlate with some clinical features such as pseudobulbar phenomena, predominantly lower body signs and are less responsive to levodopa in VP.
Midbrain atrophy is a typical neuropathological feature of PSP [21] . The MRI features of the brainstem are closely related to the histological findings of PSP [22] . However, the methods used to evaluate midbrain atrophy on MRI vary, and some methods are not accurate enough for the objective evaluation of midbrain atrophy because they lack reproducibility [23, 24] . The axial MRI is not accurate and objective for the evaluation of midbrain atrophy because the measurement values vary according to the scanning angle. However, the mid-sagittal MRI can precisely show atrophic changes that are reproducible by objective measurements which are not subject to the influence of the scanning angle [8, 25] . In this study, we used the mid-sagittal image for the measurements of the areas of interest, and also used a semi-automatic computerized system for circumscribing the boundary of the midbrain and the pons to complement any defects of the manual tracing.
There were no significant differences of the Amd and Apn between IPD and control in previous studies [8, 9] . So we used IPD patients as control for the comparison of brainstem areas. The atrophy of the midbrain relative to the pons, in the PSP patients, was similar to the findings of a previous study [8] . In the patients with multiple system atrophy of the Parkinson type, atrophy of the pons has been reported to be a more common finding [8] . Therefore, the pattern of the brainstem atrophy can be useful in the differential diagnosis of parkinsonism. This is the first report on the pattern of brainstem atrophy in patients with VP and the results of our study can be used to help differentiate patients with parkinsonian syndromes.
The interpretation of the midbrain atrophy in VP patients should be considered with caution. There are several possible reasons for midbrain atrophy. First, the midbrain structures may be involved in the pathophysiology of VP. In patients with VP, brainstem and cerebellar involvement have been previously reported on MRI [3] , and degenerative changes in the ipsilateral substantia nigra could occur 2 weeks after a striatal stroke [26] . Second, the midbrain atrophy could be related to global cortical atrophy, most probably attributable to axonal degener ation secondary to supratentorial pathology [10] . The association of midbrain atrophy and cognitive performance, in VaD patients, supports this hypothesis [10] . We are not able to conclude whether midbrain atrophy is related to parkinsonism or to axonal degeneration. To elucidate if midbrain atrophy has a role in parkinsonian symptom manifestations, it may be useful to add a further group of patients that includes matched patients for vascular lesion load but without parkinsonism. Our findings could be interpreted as midbrain atrophy which occurs more frequently in those subjects who have parkinsonism with vascular changes. More work is needed to determine the cause of midbrain atrophy in patients with VP.
This study has several limitations. We used clinical criteria for the diagnosis of IPD, PSP and VP, and did not have pathological confirmation. The diagnosis of VP was made using operational clinical criteria, which needs a validation study. The number of subjects was limited. In addition, there were large overlaps of the area and the ratio among the three diseases. This can limit the interpretation of the results. Further studies with pathological confirmation and larger groups of patients are needed to determine the diagnostic values accurately.
In conclusion, the midbrain was selectively atrophied in the patients with VP and PSP when compared to the patients with IPD; the midbrain atrophy was less severe in the patients with VP than in the patients with PSP. Therefore, midbrain atrophy and the Amd/Apn ratio, on mid-sagittal MRI, may help differentiate VP from IPD and PSP.
